RECENT work (Richmond, 1957(Richmond, , 1959(Richmond, , 1960 has shown that iron-dextran complex is carcinogenic in the rat and mouse. These observations have been confirmed and extended by Haddow and Horning (1960). The dextran component of the complex is inactive, and whether the iron alone or the metal complex is the carcinogenic agent, the arresting problem of mechanism of action remains to be solved. While this question is of fundamental interest, there is a direct bearing on some aspects of human cancer since an association between lung cancer and metal in man has become clear in recent years. Kennaway and Kennaway reported in 1936 that lung cancer in England was over twice as common in metal grinders as in the general population. Haematite miners (Faulds and Stewart, 1956) and asbestos workers (Bonser, Faulds and Stewart, 1955) are also particularly prone to develop lung cancer. The similar occurrence of carcinoma of the lung in haematite miners, asbestos workers and chromate workers has been stressed by Faulds (1957) and since both asbestos and chromate contain varying proportions of iron in their chemical composition, it is possible that iron is the common carcinogenic factor. Attention may also be drawn to the high incidence of hepatoma in haemochromatosis (Warren and Drake, 1951) and the occurrence of carcinoma in relation to foreign metallic bodies (McDougall, 1956; Siddons and MacArthur, 1952) .
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With these facts in mind, it was considered desirable to investigate the effects of iron-dextran on cells grown in vitro, a system which allows fewer experimental variables than the intact animal. The present study concerns the acute reactions of growing cells in vitro on a short term basis. From previous experience in vivo, it was expected that a relatively high dose of iron-dextran would be necessary to produce immediate visible toxic damage, and this proved to be correct. It was hoped that elucidation of the mechanism of the immediate toxic reaction would afford some insight into the possible carcincgenic mechanism.
MATERIALS
The several cell strains used in this investigation included human lung, kitten lung, Chang conjunctiva, Fernandez amnion and McCoy fibroblast. Cytological changes were observed by phase contrast microscopy in the living state and, after fixation, by bright field microscopy using preparations stained by May-GriunwaldGiemsa, Feulgen's reaction, crystal violet and Perl's method for iron.
Cultures were treated for varying periods of time by different concentrations of iron-dextran complex (Benger). This preparation consists of iron complexed In cell population studies, the Coulter electronic cell counter was used. The most suitable calibrations for counting were found to be a threshold of 20 and an aperture current setting of 4. As the error of the instrument count is in the range of 1 to 2 per cent, it did not appear necessary to correct for this error.
EXPERIMENTAL
Effect of iron-dextran on growth of cell strains Equal numbers of cells, in the region of 200,000, were suspended in 5 ml. medium and implanted in T-30 flasks. After a period of 24 hours, during which the cells became firmly attached to the glass, the cells from 5 random flasks were harvested and counted in order to ensure that there had been equal distribution of cells to each flask. The remaining flasks were treated in groups of 5 with varying concentrations of iron-dextran except for a group of controls which received a change of normal medium. After a further 4 or 5 days at 370 C., the cells were harvested by trypsinization (1 per cent trypsin-Difco) for 3 minutes and their number was estimated, after suitable dilution in filtered saline, using the Coulter cell counter.
All strains showed a similar response to varying concentrations of iron-dextran, and the results in a kitten lung cell strain are depicted in Fig. 1 where each total represents the average content of 5 flasks. It will be seen that at a concentration of 0 5 per cent iron-dextran there is certainly no inhibition of growth, and there appears to be a slight stimulation. With increasing concentration of iron-dextran, growth is progressively inhibited and at the end of 4 days in vitro treatment, less than half the original number of cells implanted are now present in the flasks treated with 10 per cent iron-dextran. At concentrations of iron-dextran of 20 per cent and above, the cells were killed and " frozen " on the glass surface of the bottles.
Daily counts of population show a nearly logarithmic increase in the cell number in untreated control cultures, as seen in Fig. 2 , where each point on the graph represents the average cell content of five T-30 flasks. Using 5 per cent irondextran in the medium, there is some inhibition of cell growth at 24 hours: after 48 hours the growth curve flattens and settles out into a plateau at a level which represents about one-half the potential growth in control cultures. The presence of 10 per cent iron-dextran in the medium leads to an immediate and continued fall in cell population.
Antagonistic effect of cobalt on toxic action of iron-dextran It was found that if cells were maintained continuously in a medium containing iron-dextran and cobalt, the cell numbers fell rapidly owing to the toxic action of cobalt. However, a protective effect due to the presence of cobalt could be demonstrated by the following technique.
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Equal numbers of cells were implanted in T-30 flasks and, after 24 hours, groups of 5 flasks were treated for 6 hours by iron-dextran with andwithout cobaltous sulphate. Thereafter, the cultures were washed twice in Gey's balanced salt solution and fed with normal medium. Control cultures received corresponding changes of medium and cell populations of all flasks were estimated by the Coulter 14. counter after 3 days growth following initial iron-dextran treatment. Under these conditions, the protective influence of cobalt became clear in the cells treated with 10 per cent iron-dextran (Fig. 3 ). Six hours' exposure to 10 per cent irondextran was moderately toxic to the cell cultures, but in the presence of iron-dextran and M/106 cobaltous sulphate, the toxic effect of iron was obviated and a mild stimulation of cell growth became evident. A combination of 10 per cent irondextran and M/105 cobaltous sulphate gave a reading similar to 10 per cent iron-
dextran alone, presumably due to cobalt toxicity, and this poisonous effect was more pronounced in the cultures treated with iron and M/104 cobaltous sulphate. In experiments carried out with 2*5 per cent iron-dextran in the medium, 6 hours treatment notably stimulated cell growth (Fig. 4 ) and the simultaneous presence of M/106 cobaltous sulphate had no effect on this growth increase. Increasing the concentration of cobalt to M/105 during the 6 hour treatment period led to cell damage and death, which was gross in degree when the concentration was increased to M/104.
Protective effect of increasing serum content of medium
The toxic action of iron-dextran was partially counteracted by increasing the percentage of horse serum in Eagle's medium. There was no difference in the growth of control cultures maintained in 10 or 20 per cent horse serum ( .,)98 Q it is concluded that deep diffuse iron staining of these cells is due to breakdown of the normal cell membrane barrier associated with degeneration and death of the cell. At least some of these were degenerating or had died before treatment, as it seems unlikely that iron-dextran could account for nuclear pyknosis after 2 control cultures. This is presumably a reflection of increased mitotic aberration, which is described below. At 96 hours, most surviving cells have absorbed a large amount of iron which is distributed in granular fashion throughout the cytoplasm, the appearance beirng quite different from the diffuse iron staining associated with cell death. The granules of iron show a peculiar localization around the Golgi apparatus (Fig. 8) and it may be that this represents a preferential deposition of iron on the protein and ribonucleic acid which are concentrated at this site. (Fig. 9) , although stickiness and clumping were also increased (Fig. 10) . In the anaphase, and telophase treatment with iron-dextran led to an increase in bridging (Fig. 11 ) and multipolar division (Fig. 12) It is known that several cell constituents are easily oxidized by free oxygen if catalytic traces of iron are present (Albert, 1960) and this, in turn, leads to the formation of hydrogen peroxide which goes on to oxidize more substrate. Such a destructive chain reaction can be broken by traces of cobalt. Therefore the protective influence of cobalt demonstrated in the present study indicates that the toxic action of iron-dextran is due largely to an oxidative mechanism. This conclusion is supported by previous work carried out by Albert and colleagues on the toxic action of another compound of iron, iron-oxine, which exerts a powerful antibacterial action on staphylococcus aureus (Rubbo, Albert and Gibson, 1950) .
Traces of cobalt in the growth medium counteracted the antibacterial effect of iron-oxine and from this, and other experiments, it was concluded that iron-oxine acts as a catalyst which favours the destructive oxidation of a group (-SH group) on a metabolite or enzyme essential to the cell. Nordbring-Hertz (1955) has studied the effects of oxine on the yeast phase of Candida albicans and agrees with Albert that the -5SH system of the cell is being affected. The process of cell division in yeast is regulated by the amount of -SH groups (Nickerson and Van Rij, 1949) and it has been suggested that the general tendency of cobalt to counteract the iron-oxine reaction is connected with this cell division mechanism.
- (Tanford, 1952; Gurd and Goodman, 1952) . Furthermore, we know that 6 per cent dextran of the type used as a plasma substitute is non-toxic in tissue culture (Pomerat and Overman, 1956) . Also, the low molecular weight fraction of dextran is not toxic or carcinogenic in vivo (Haddow and Horning, 1960; Richmond, 1960 (Haddow and Horning, 1960; Richmond, 1959) strengthens this conclusion. The catalytic formation of intracellular hydrogen peroxide by iron is essentially similar to the cellular change following X-irradiation, which has been reviewed by Dale (1954 (Carlson, 1954) . The similar morphological changes seen after iron-dextran treatment may be due to an oxidative mechanism comparable to X-ray damage. It is pertinent here to recall the investigation by Von Rosen (1954) into the chromosome-breaking action of elements of the periodical system. Using Pisum rootlets, he found that complex forming metals, including iron, could give rise to chromosome disturbances of similar morphology to those described in X-irradiation, isotope radiation and treatment with the radiomimetic substance, nitrogen mustard. Scattering of chromosomes and bridging in anaphase and telophase are known early effects of recognized carcinogens on cells in tissue culture (Biesele, Grey and Mottram, 1956) . Boyland (1954) is of the opinion that the mechanisms by which chromosome breakage, mutagenesis and carcinogenesis are brought about are probably similar, being different manifestations of the same effect. Therefore, while the present experiments have been acute in nature, the results shed some light on previous animal experiments demonstrating the carcinogenic potency of iron-dextran.
SUMMARY
In concentrations of 1 per cent and above, iron-dextran complex reduces the growth rate of mammalian cells in tissue culture. A concentration of 10 per cent iron-dextran is sub-lethal.
Traces of cobalt in the growth medium counteract the toxic eff-ect of irondextran, suggesting that the mechanism of toxicity is essentially oxidative in nature.
Increasing the concentration of serum in the medium, thereby increasing the concentration of sequestering agents competing for iron ions, leads to a reduction of iron-dextran toxicity. It is concluded that the iron component of iron-dextran complex is the main damaging agent.
With continued exposure to iron-dextran, cells show increasing absorption of iron, which accumulates in the region of the Golgi apparatus. Abnormalities of mitosis are demonstrable, namely, scattering and stickiness in the metaphase and bridging in the anaphase and telophase. Cells undergoing division are particularly liable to degeneration and death.
Many of the cytological changes produced by iron-dextran can be attributed to intracellular oxidation, with iron acting as a catalyst. Comparison is made with the known oxidative mechanism whereby X-irradiation produces its effects on the mitotic apparatus. It is concluded that the acute changes observed in cells treated with iron-dextran in vitro form a basis for the development of sarcoma in vivo. This work has been made possible by the help and encouragement provided by Dr. C. M. Pomerat and his staff, to whom I wish to express my gratitude. The investigation has been aided by a grant from The Jane Coffin Childs Memorial Fund for Medical Research.
